The observation of the microphysical structure of shallow orographic cumuli was carried out from its initial stage to the precipitation stage.
Introduction
The growth of incipient raindrops by collision and coalescence with smaller droplets was treated in detail by BOWEN (1950) , LUDLAM (1951) and others, and it is well established that the larger cloud droplets of diameters exceeding about 50 tm are required to initiate precipitation by the coalescence mechanism. However, condensation theories show that such larger droplets are not likely to grow by condensation on general hygroscopic nuclei in natural clouds. (HOWELL, 1949 ; MORDY, 1959 and MASON and CHIEN, 1962, and others) . Accordingly many workers direct their attention to the mechanism of formation of these larger cloud droplets. WOODCOCK (1950) suggests that the larger droplets may be supplied as giant salt nuclei in the subcloud layer, which are generated as spray droplets of 50 ttm in diameter. In maritime cumulus, the appearance of the larger droplets may reasonably be attributed to condensation on giant sea salt nuclei, but, some shallow orographic cumulus often has the larger droplets and acts to release a shower. It will be particularly difficult to explain the gburce of the larger cloud droplets in the continental cloud by giant salt nuclei. Various attempts have been made to explain the mechanism of production of the larger droplets without recourse to the giant sea salt nuclei. For example, EAST and MARSHALL (1954) and SAFFMAN and TURNER (1956) investigated the effect of turbulent motion in cloud on the collision among small droplets. TELFORD (1955) notes that the concentration of the larger droplets is very low compared with common cloud droplets and tries to explain the growth of the larger droplets by a stochastic model. The stochastic equation for the growth of cloud droplets by coalescence was treated in various ways by many workers (TwomEY, 1964 (TwomEY, , 1966 BERRY, 1967 ; WARSHAW, 1967, and SCOTT, 1968, and others around the lake are shown in Fig. 1 and the observation sites are shown with black joints. The east side of the lake, 1300 m above sea level, was chosen as the center of observation sites. Chanoki-daira, 1620 m above sea level, and about 1500 m to the southeast of the lakeside, and Akechi-daira, 1200 m above sea level, and about 2000 m to the southeast by east, were chosen as the second site.
The Nikko district abounds with mountain masses and shows a complex geographycal structure.
In general, orographic cumuli develop sporadically over the sunny slope of each mountain mass in summer.
Drifting along the slopes with the general airflow and gradually coalescing, the cumuli grow into stratocumulus.
The speed of the general airflow is usually less than about 30 cm/sec in this season. Therefore, the movement of the cloud is usually very gentle. The sky is soon overcast with these clouds and a drizzle begins to fall from some of the clouds. It grows very often into a heavy shower.
Observation techniques
In the observations, the size of cloud droplets, air temperature, wind speed and direction were measured at three sites. The size of droplets was measured by MgO technique.
A slide covered with MgO upon a silicn oil (Kc-88, Shinetsu Kagaku Co.) coated film surface was placed horizontally in a cloud for a fixed time to collect settling cloud droplets. The method can be used with satisfactory accuracy only for cases when the vertical wind velocity is negligibly small. However, we dared to take this method for the sampling of droplets, because the larger droplets could be collected thus through simple procedures.
Stokes' and Gun-Kinzer's formulae for fall velocity of cloud droplets were used to obtain the droplet size spectrum or concentration.
The ratio of the trace on MgO film to the true size of droplets was assumed as 0.75. Air temperature was measured by the mercury thermometer, wind velocity and direction by the viram-type air meter. As the air meter was not good enough for measuring light wind less than 20 cm/sec, the wind direction was usually deduced from the mov ing direction of the cloud.
Furthermore, a transmissometer and a new instrument for measuring larger cloud droplets exceeding 50 p,m in diameter were used at the lakeside. The transmissometer measures the decay of illuminated light. The magnitude of the decay was roughly in proportion to the water content of the cloud, but the device was mainly used to decide the time at which the cloud enveloped the site or cleared away from the site. The device for measurement of the larger droplets, which was based on the principle of the rain sensor, was described in the previous paper (SAsYO, 1969) . The device will be called the larger droplet detector.
Results and discussions
The observations were carried out on 12th of September 1966. On that day, the cumuli which were observed developed on the slope face the Ashio district and struck near Akechi-daira.
Fair weather cumuli started appearing in the sky from around 0800 J.S.T.. The meteorological station at Nikko, at a distance of about 700 m to the west of the lakeside, reported the cloud form and amount as in Table 1 .
The wind velocity was light and less than 20 cm/sec throughout the observational period. The results are shown in Fig. 2 where curve (a) shows the five-minute averaged values of the decay of light measured by the transmissometer, and the averaged value for a minute are also shown by black points. These points show the violent fluctuations of light transmission through the cloud. This is consistent with the violent fluctuations of droplet concentration to be discussed below.
The concentration of cloud droplets in cm' at the lakeside is illustrated by curve (b) in the figure. It is mostly contributed by cloud droplets less than about 30n-i in diameter because the concentration of larger cloud droplets was very low in comparison with smaller ones. The curves (c), (d) and (e) show the number of cloud droplets counted by the 50 gm-, 100 pm-and 200 p,m-sensors of the larger droplet detector for a minute. These droplets will be called hereafter 50nm-, 100pm-and 200p ,m- 2. The results : curve a, the decay of light illuminated measured by the transmissometer, curve b, the concentration of cloud droplet at the lakeside ; curves c, d and e, the 50 pm-100 pm-and 200 pm-droplets counted by the larger droplet detector respectively ; curves f and g, the concentration of cloud droplets at Chanoki-daira and Akechi-daira respectively. droplet respectively.
The curves (f) and (g) show the droplet concentration at Chanoki-daira and Akechi-daira respectively.
A very light shower was observed for several minutes around 1130 J.S.T., but we were not prepared to make accurate observations of it. So our analysis will be based on data obtained after 1130 J.S.T..
Droplet concentraction
The results suggest that a shower began around 1600 J.S.T.. It developed through three different stages characterized by droplet concentration.
In the first stage, 1130-1200 J.S.T., the lakeside and Akechi-daira were enveloped in a rather stationary cloud in which concentration, modal diameter and water content calculated from the size spectrum were, respectively, 33/cm3, 20 ium and 0.17 g/m3 at both sites. The cloud had considerably broader size spectrum while the concentration was rather low. On the other hand, Chanoki-daira was enveloped in a very thin cloud, concentration 12/cm3, modal diameter 12 pm and water content 0.03 g/m3. These facts suggest that Chanokidaira lay in the top of the cloud which enveloped the lakeside and Akechi-daira.
The standard deviations of the chronological change of the concentration were 8.3/cm3, 4.4/cm' and 5.3/cm3 at the lakeside, Akechi-daira and Chanoki-daira respectively. These values of standard deviation are very small compared with those of the clouds in later stages and suggest that the cloud was in a quasi-stationaly state.
In the second stage, 1200-1400 J.S.T., a high concentration with violent fluctuation arose at the lakeside. The peaks of concentration came around 1200 J.S.T. and 1300 J.S.T., the maximum concentration and water content were 108/cm3 and 0.65 g/m3 respectively, while the averaged concentration and water content 44/cm3 and 0.30 g/m3 respectively.
The standard deviation of droplet concentration became 29.6/cm3. In (b), one of the peaks came around 1200 J.S.T., while, as shown in (c) to (e), the 50 ,um-droplets are few and both 100 pt-and 200 gm--droplets are still fewer. Around 1300 J.S.T. a high concentartion with violent fluctuation arose again and the number of 50 pm-, 100 pm-and 200 pm-droplets increased. gradually, while the beginning of the increase was delayed with the growth of droplet size. The 100 /im-and 200 gm-droplets reached the peaks 1400 to 1425 J.S.T. These numbers decreased quickly after reaching the peaks. Especially, the 200 pm-droplets disappeared as soon as the 100 gm-droplets started decreasing. On the other hand, the droplet concentration at Akechi-daira began to increase monotonously and turned to a stationary state around 1230 J.S.T. as shown in (e). The averaged concentration and water content were 44/cm3 and 0.22g/m3 and the maximum concentration and water content were 65/cm3 and 0.23 g/m3 respectively.
The standard deviation of the concentration is 10.4/cm3. At Chanoki-daira, the concentration increased also in this stage and the averaged concentration was 18/cm' with the standard deviation of 13.8, but the water content was still about 0.03 g/m3. It is clear that such larger cloud droplets at the lakeside did not originate in the upper part of clouds because such larger droplets did not appear at Chanoki-daira which is 300 m above from the lake side in the stage. and water content at Chanoki-daira were 101/cm' and 0.25 g/m3 respectively. In this stage, the averaged concentration and water content at the lakeside were 55/cm' and 0.27 g/m3 respectively, but, the standard deviation of the concentration became 13.8/cm' and the fluctuation became rather weak. At Akechi-daira, the averaged concentration, water content and standard deviation were 45/cm3, 0.20 g/m3 and 21.0/cm' respectively. The 100gm-and 200 pm-droplets at the lakeside began to appear again after about 1420 J.S.T. and they reached the peaks around 1430 and 1505 J.S.T.. The 100 p,m-and 200 gm-droplets were produced at the rate of 30/min and 20/min at their peaks respectively. 
4.2.1
The size spectra of cloud droplets the first stage Fig. 3 , which gives the averaged size spectra in the first stage, shows that the spectra at the lakeside and Akechi-daira are almost similar to each other and these show considerably broader and lower concentration than the general orographic cumuli. Furthermore, the standard deviation of the concentration is very small and the clouds are quasi-stationary as pointed out in the previous section. These facts may suggest that the activity of convection is very weak in the cloud. As an example, the orographic cumuli at Mt. Fuji are compared with those at Akechi-daira in Fig. 9 . The spectra at Mt. Fuji were obtained in developing cumuli at 2100 m above sea level on the Gotenba slope (2.8 Go). These cumuli began to develop around Shin-nigO about 300 m below the observation site and drifted while growing on the slope. The cumuli contained few droplets larger than 25 i,trn but numerous droplets less than 10 pm. They developed in a strong up-slope airflow and were observed in the developing stage under a strong up-slope airflow. The vertical wind velocity of the up-slope airflow will be in proportion to the wind velocity along the slope, superadded to that of the whole rising air parcel. Therefore, the supersaturation in the cloud parcel increases and cclouds containing numerous smaller droplet are formed as the wind velocity along the slope becomes larger. In Fig. 9 , the averaged wind velocity is shown by the side of of each spectrum, and it is shown that the number of droplets smaller than 15 p,rn increases as the wind velocity becomes large. On the other hand, as to the quasistationaly cloud observed in the first stage at Nikko, our consideration is as follows ;
The orographic cumuli are developed in a slowly rising air parcel at first, but when these clouds pass through the mature stage, the smaller droplets will tend to disappear by evaporation and in the final stage turn into clouds containing only relatively large droplets. They drift with the general airflow of the cloud level and combining with each other make a colony of clouds like stratocumulus as they approach the mountain slope. After that, the colony slowly drifts up the slope with the up-slope airflow and maintains a slight supersaturation, which will be useful to the growth of the larger droplets. We can very often see that such a colony of clouds envelops the upper half of a mountain. BEST (1950) shows that droplets of 15 p,m condensed on the sea salt nuclei of 10-" g which may be considered common hygroscopic nuclei can grow into droplets of 30 1,t m in about 30 min under supersaturation of 0.05%.
From these considerations, we can say that the lakeside and Akechi-daira were enveloped with a colony of dissipated cumuli in the first stage, and their depth is estimated as several handred meters or less from the spectrum at Chanoki-daira 
4.2.2
The cloud droplet-size spectra in the second and third stages
In the second stage, 1200 to 1400 J.S.T., the droplet concentration quickly increased with violent fluctuation at the lakeside as shown in Fig. 2 One of the reasons may be consider as follows ;
The areas around the lakeside and Akechi-daira have already been enveloped with clouds containing larger droplets since the first stage. We will call the clouds as proto-cloud hereafter.
If other and new cloudy thermals are developed in the protocloud, they are developed actively as pointed out by Mason and Emig (1961) and some larger droplets in the proto-cloud are carried up together with the smaller droplets in the thermals to upper levels. Therefore, the mixing cloud of the proto-clouds and the new cloudy thermals has a microstructure composed of the proto-cloud and the new cloudy thermals, namely the spectrum becomes a broader one with a relatively high concentration of smaller droplets. In the mixing cloud, the larger droplets which were carried up to higher levels can quickly grow by coalescence process, because they come down to the ground through the layer of numerous smaller droplets when the updraught of the mixing cloud weakens. The cloud parcels are developed successively and gradually rise to higher levels. Then the mixing cloud increases in depth and a greater number of larger droplets occur pulsationally whenever the cloudy thermal is developed. According to Mason's calculation (1952) , when one larger droplet of 40 itm in diameter fall about 500 m in a cloud layer whose water content is 0.4 g/m3, it grows into a droplet of 150 ,um.
Such process of production of the larger droplets may play an important role in precipitation from shallow orographic cumuli.
Size spectrum of the drizzle droplets
In previous sections, it was pointed out that 100 p,m-and 200 pm-droplets were generated in a relatively short time, whenever new cloudy thermals developed. This was explained by the idea of mixing between the proto-cloud and the new developing cloudy thermal. There were two periods in which the 200 pm-droplets appeared remarkably as shown in Fig. 2: i.e. 1400-1435 J.S.T. and 1440-1505 J.S.T.. The former is related with the developing of cloud parcels around the lakeside and the latter with that around Chanoki-daira.
The averaged size spectra of droplets larger than 50 p,m. were made from the samples of MgO film (24 X 36 mm2). We could find the large drizzle droplets exceeding 300 p,m in the samples at 1410, 1415, 1420 and 1425 J.S.T., but we could not recognize such large droplets in the samples at 1400, 1405, 1430 and 1435 J.S.T. namely, such drizzle droplets occurred in a short time. The drizzle droplets exceeding 300 pm appeared at the ratio of 0.1 per liter or more at maximum value. The averaged size spectrum of the samples at 1410, 1415, 1420 and 1425 J.S.T. is shown with full circles and that at 1400, 1405, 1430 and 1435 J.S.T. with open circles in Fig. 10 .
The spectra of droplets less than 50 ictm in the same period are also shown in the same way in Fig. 11 It may be thought that the mixing between the proto-cloud and new developing cloud parcel plays an important role for the formation of precipitation in shallow orographic cumuli. Therefore, it is not always necessary to appeal to the condensation on giant sea salt nucli.
